Argue KJ, Neckameyer WS. Altering the sex determination pathway in Drosophila fat body modifies sex-specific stress responses. Am J Physiol Regul Integr Comp Physiol 307: R82-R92, 2014. First published April 30, 2014 doi:10.1152/ajpregu.00003.2014.-The stress response in Drosophila melanogaster reveals sex differences in behavior, similar to what has been observed in mammals. However, unlike mammals, the sex determination pathway in Drosophila is well established, making this an ideal system to identify factors involved in the modulation of sex-specific responses to stress. In this study, we show that the Drosophila fat body, which has been shown to be important for energy homeostasis and sex determination, is a dynamic tissue that is altered in response to stress in a sex and time-dependent manner. We manipulated the sex determination pathway in the fat body via targeted expression of transformer and transformer-2 and analyzed these animals for changes in their response to stress. In the majority of cases, manipulation of transformer or transformer-2 was able to change the physiological output in response to starvation and oxidative stress to that of the opposite sex. Our data also uncover the possibility of additional downstream targets for transformer and transformer-2 that are separate from the sex determination pathway and can influence behavioral and physiological responses.
SEX DIFFERENCES have been observed in the stress response in Drosophila (38, 39) , analogous to what has been described in mammals. Additional studies have suggested that underlying the different behavioral responses are distinct neuronal stressresponse circuits for males and females (2) . These include changes in heart rate and several parameters of locomotor behavior (centrophobism, escape behavior, freezing, and changes in patterns of movement, which are analogous to stress-response behaviors described in mammals), which were assessed after starvation or oxidative stress, two stressors that have been linked to the development of psychiatric illnesses (34, 46) . It is likely that the mammalian stress response circuitry is also sex specific, based on differences in stress responses and susceptibility to stress-related pathologies (15, 45) . Drosophila thus provides an ideal model for the elucidation of factors modulating sexual dimorphism in the stress response.
We used the genetic tractability of Drosophila to manipulate the sex determination pathway and assess the effect of changing the sexual milieu of the brain on the response to stress. Sex determination is Drosophila is a cell autonomous process, meaning that each cell "decides" whether it will be male or female based on the ratio of X-linked numerator genes [sisterless-a (sisA), sisterless-b (sisB), sisterless-c (sisC), and runt (run)] to an autosomal denominator gene [deadpan (dpn)] (6, 14, 17, 49, 54; reviewed in 44) . In females, where the numerator to denominator ratio is 2:2, the resulting gene products are transcription factors that produce functional sex-lethal (SXL) protein (14, 17, 49, 54) . In females SXL produces a functional transformer (TRA) protein, whereas in males there is no functional SXL and therefore no TRA (9, 13) . tra encodes an RNA-binding protein that mediates alternative splicing of doublesex (dsx), which encodes a transcription factor that regulates downstream male-and female-specific genes (7, 28, 29, 36) . Presence or absence of functional TRA results in either a female-or male-specific isoform of DSX (DSXF or DSXM, respectively). Transformer-2 (TRA2) is a TRA cofactor that is active in both sexes but only required in females to prevent male sex determination (8, 23 ). An example of how this sex determination pathway can result in sex-specific centrally controlled behavior is that sex-appropriate expression of TRA and TRA2 regulates expression of fruitless (fru), the products of which are expressed in neurons in the male brain that are critical for male courtship behavior (27, 47) . Previous work has shown that females mutant for tra2 develop as pseudo-males (8) , and males expressing functional TRA develop as pseudofemales (37) .
tra and tra2 expression (where traF and tra2 are female isoform of transformer and transformer-2, respectively) were manipulated using the Gal4/UAS system for targeting a transgene (16) to alter the sexual identity of the fat body in an otherwise unaltered individual. Fat body is known to control regulation of body size and energy stores (30, 42, 51) , but other studies have suggested that the fat body surrounding the brain is likely to have important modulatory functions in behavior (19) . Many genes that are important for sex-specific behaviors are not expressed within the brain (31) . Recent work suggests that the fat body surrounding the head houses sex-biased transcripts (such as those involved in the sex determination pathway), the products of which are then secreted to act on the brain (24) .
Our results demonstrate that the sex of the fat body mediates behavioral and physiological outcomes in response to stress and may be largely responsible for the observed sexual dimorphism. Furthermore, our results suggest that TRA and TRA2 may function to influence the stress response in pathways distinct from those for sex determination.
MATERIALS AND METHODS
Fly culture. Flies were maintained in glass pint bottles containing standard agar-cornmeal-yeast food at 25°C on a 12-h light-dark cycle. Male and female progeny were collected immediately after eclosion and maintained separately in groups of Ͻ20 under identical conditions until needed for analysis.
Fly strains. All stocks were obtained from the Bloomington Stock Center (University of Indiana, Bloomington, IN) unless otherwise noted. w 1118 is the parental strain for both UAStraF and UAStra2IR
(where tra2IR is transformer 2 RNAi) and was used as a control for the genetic background of both these transgenes. w 1118 ; P{Cg-GAL4.A}2 (Cg-Gal4) was generated using the promoter sequences from the collagen type IV (collagen 25c) gene and drives expression in the fat body, hemocytes, and lymph gland. Cg-Gal4 was chosen because it expresses equally strongly in both male and female adult heads at all ages examined without sexual dimorphism when crossed to a membrane tethered green fluorescent protein reporter (data not shown). y 1 w 1 ;UAS2XEYFP (two times enhanced yellow fluorescent protein, which expresses fluorescent protein under UAS control) and w * ;UAScyto␤-galactosidase (UAS ␤-galalactosidase) were gifts from Enrique Masa (Texas A&M University, Kingsville, TX). w 1118 ; P{UAS-tra F}20J7 (traF) expresses the female isoform of transformer under UAS control (21) . w 1118 ,UAStra2IR;ϩ;UAStra2IR (tra2IR) expresses 2 copies (1 on the X and 1 on the 3 rd chromosome) of an inverted repeat for transformer 2 under UAS control and was a gift from Brigitte Dauwalder (University of Houston, Houston, TX) (35) . Because the tra2IR transgenic line contained a copy on the X chromosome, all crosses were set up using tra2IR females and Cg-Gal4 males to keep the dose consistent.
Stress paradigms. On either the same day as collection (sexually immature, 1 day) or after 5 days (sexually mature), males and females were placed in vials containing either 2% yeast, 5% sucrose dissolved in 1 ml deionized water (control for stress), water only (starvation stress), or 2% yeast, 5% sucrose, 30 mM methyl viologen dichloride hydrate (paraquat) (Sigma-Aldrich, St. Louis, MO) dissolved in 1 ml deionized water (oxidative stress) on a 2.1-cm glass fiber filter circle (Fisher Scientific, Waltham, MA). Animals were maintained under these conditions for 24 h at 25°C on a 12-h light-dark cycle before imaging, freezing, or behavioral analyses.
Quantification of ␤-galactosidase. Male and female Cg-Gal4Ͼ UAS ␤-galactosidase flies were collected immediately after eclosion, stressed as previously described, then quick frozen in liquid nitrogen. Heads were separated from the bodies by vortexing, and crude protein was prepared from the head tissue. Protein extract was incubated with 50 mM potassium phosphate, 1 mM MgCl2, 1 mM chlorophenol red-␤-D-galactoparanaside (Sigma-Aldrich), pH 7.5 for 20 min at 37°C, and absorbance at 574 nm was determined. Nine to ten flies were used for each population and condition.
Heart rate. Flies were anesthetized using FlyNap (Carolina Biological Supply), placed dorsal side up on a piece of sticky tap with the wings extended, and viewed under ϫ200 as previously described (38) . Forty individuals for each population (sexually immature and mature males and females), for each stress (starvation and oxidative stress), and control for stress condition were used for this task.
Locomotion. The EthoVision XT tracking system (Noldus Information Technology, Leesburg, VA) was used to assess locomotor behaviors. Flies were individually aspirated into a 60-mm Petri dish in which the bottom portion of the dish was painted white to increase color contrast and reduce glare. Arenas were set up separating between a 30-mm diameter center zone and a 10-mm diameter outer zone around the outer edge of the Petri dish to allow for determination of centrophobism. Tracking videos were 20 min long. After an initial 5-min setup period, the following 2 min was designated as exploratory locomotion, followed by an 8-min period during which no tracking occurred. The last 5 min was designated as basal locomotion. Threshold velocities for the degree of mobility (stopping, walking, highly mobile) were determined using velocities from Cg-Gal4Ͼw 1118 animals: Ͻ3.3 mm/s was the threshold to stop, Ͼ3.4 mm/s was the threshold to start walking, and Ͼ26 mm/s was the threshold for high mobility. The threshold for stopped was not 0 mm/s because the flies display a small degree of wing vibration and twitching that is detected by the EthoVision software as having a velocity between 0 and 3.3 mm/s even when no movement is apparent to an observer. Thirty-nine to forty-five individuals for each population (sexually immature and mature males and females) were used for each condition (control, starvation stress, and paraquat stress).
Statistical analysis. All statistical analyses were performed using SPSS for Windows from IBM (Armonk, NY) and represented visually in graphs made using GraphPad Prism (GraphPad Softward, La Jolla, CA). For all analyses, a significance level of P ϭ 0.05 was used. All error bars represent the mean Ϯ SE.
RESULTS
The fat body surrounding the adult brain is a dynamic tissue that is altered in response to stress. We have previously demonstrated that the stress response in Drosophila is sex specific (2, 38, 39) , and it has been suggested that the fat body in the head could modulate sexually dimorphic circuits in the brain (24) . Here we assessed whether this apparently amorphous tissue could be directly affected by stress. To quantify changes in the fat body following a stress exposure, Escherichia coli ␤-galactosidase was targeted to this tissue using the Cg-Gal4 driver, and male and female progeny from this cross were exposed to starvation or oxidative stress (paraquat) for 24 h before quick freezing for analysis of ␤-galactosidase activity (Fig. 1) . Cg-Gal4 has been previously used to target expression to the Drosophila fat body in both larval and adult males and females (4, 26, 48, 50, 52) and was chosen for our studies because of its strong expression in adults. This driver was generated using the promoter sequences from the collagen type IV gene, which is also expressed in hemocytes and lymph gland in addition to fat body; however, these tissues have not been shown to be sexually dimorphic or to modulate centrally controlled behaviors. In this assay, a change in ␤-galactosidase activity directly correlates to a change in collagen type IV expression, which could be indicative of a change in the structure or volume of the fat body tissue. For this experiment, ␤-galactosidase activity was analyzed only in heads to specifically assay the fat body surrounding the brain.
Sexually immature females displayed no significant changes in enzymatic activity in response to either starvation or oxidative stress (Fig. 1E ), but sexually mature females displayed a significant decrease in ␤-galactosidase activity (F2,27 ϭ 3.84, P Ͻ 0.05) after starvation stress. ␤-Galactosidase activity decreased in immature males exposed to paraquat (F2,24 ϭ 3.377, P Ͻ 0.05, Fig. 1F ), whereas stress did not affect this tissue in mature males. While the fat body could be altered in response to starvation stress due to its known involvement in energy storage, changes in the fat body volume with oxidative stress indicate that it is involved in the stress response in a more generalized manner. Changes in collagen type IV surrounding the brain, measured by the differences in ␤-galactosidase activity, revealed that the fat body tissue could be dynamic in its response to stress.
Manipulation of the sex determination pathway in the fat body affects sex-specific behaviors in response to stress. We next assessed whether manipulation of the sexual identity of fat body tissue could alter the behavioral and physiological response to stress. After exposure to the stress paradigms described above, sexually immature and mature males and females were assayed for physiological and behavioral parameters (heart rate and patterns of movement, which included time spent in center zone, distance moved, meander, velocity, freezing, and escape behaviors). The center zone consists of a 30-mm diameter area surrounded by a 10-mm outer zone; Drosophila, like many other species, have a tendency to spend more time in close proximity to the boundaries of an arena, a behavior termed centrophobism or thigmotaxis (6) . Meandering describes whether the animal's trajectory is a straight or curved line. Meandering, distance moved, and velocity all describe an animal's general locomotor pattern, as opposed to freezing and escape behaviors, which are responses to predation stress across a variety of species (12) . In this case, freezing was defined as the time spent relatively immobile, and escape as the times during which the animals attempted short bursts of attempted flight. Each locomotor parameter was assessed during an exploratory as well as an adapted phase (the first 2 and last 5 min, respectively, of the 15-min observation period). We assayed behavioral and physiological outputs for Cg-Gal4Ͼw 1118 flies (a control for the genetic background since both of the transgenic lines used for manipulation for the sex determination pathway in the following experiments were generated in w 1118 ), Cg-Gal4ϾtraF, [the Cg-Gal4 driver is used to express the female isoform of the sex determination factor transformer (traF)], or Cg-Gal4Ͼtra2IR [the Cg-Gal4 driver is used to express an RNAi corresponding to transformer2 (tra2IR)]. Table 1 shows the results of a three-way ANOVA comparing the interaction between genotype (Cg-Gal4Ͼw 1118 , Cg-Gal4ϾtraF, or Cg-Gal4Ͼtra2IR), sex, and stress. The behaviors that displayed a significant interaction in this assay were then analyzed by a two-way ANOVA to test for a significant sex ϫ stress interaction in the control genotype Cg-Gal4Ͼw 1118 (see Table 2 ). Parameters with significant sex differences in the control genotype were subjected to further analysis in which CgGal4ϾtraF males, which would have feminized fat body, and Cg-Gal4Ͼtra2IR females, which would have masculinized fat body, were compared back to sex-matched controls to determine whether feminization or masculinization of the fat body is sufficient to switch the behavioral response to stress to that of the opposite sex. Table 3 summarizes whether feminization of the fat body tissue with traF or masculinization of the fat body tissue with tra2IR resulted in a full reversal of the response to that of the opposite sex, a partial reversal, or a novel response. A full reversal was determined based on the lack of a statistically significant difference in the stress re- sponse of animals with feminized or masculinized fat body compared with control animals of the opposite sex. A partial reversal refers to instances in which there was still a significant statistical difference between the stress response of animals with feminized or masculinized fat body compared with control animals of the opposite sex, but the difference was less than what was observed when comparing control animals to those of the opposite sex. A novel response describes the times when comparison of animals with feminized or masculinized fat body to control animals resulted in a different statistical result than what was observed when comparing control animals to those of the opposite sex, but not in a direction that was similar to the response of the opposite sex. An example of a novel response would be if control males displayed an increase in response to stress for a behavior in which control females displayed no change and feminization/masculinization of the fat body resulted in a decrease in the behavioral parameter in response to stress. The response to stress was completely switched to that of the opposite sex for 50% of the outcomes. Percentages for these analyses were calculated by adding the number of responses that were switched with expression of traF in otherwise male flies plus the number of responses that were switched with expression of tra2IR in otherwise female flies, then dividing that total by the number of responses with sex differences multiplied by two to account for males and females. In this way, we were able to account for instances where there was a reversal with traF but not with tra2IR and vice versa. Of the outcomes with complete reversals, 33% were with traF and 67% with tra2IR. One such example was observed in sexually immature animals assayed for heart rate in response to starvation stress. Cg-Gal4Ͼw 1118 sexually immature females decreased and sexually immature males increased their heart rate in response to starvation stress (F79,1 ϭ 3.974, P ϭ 0.05 and F79,1 ϭ 11.573, P ϭ 0.001, respectively, Fig. 2) . CgGal4ϾtraF males decreased their heart rate in response to starvation stress (F79,1 ϭ 14.585, P ϭ 0.000) and displayed a significant two-way interaction compared with Cg-Gal4Ͼ w 1118 males (genotype ϫ stress) (F159,1 ϭ 23.113, P ϭ 0.000) but not compared with Cg-Gal4Ͼw 1118 females (F159,1 ϭ 0.023, P ϭ 0.88). Cg-Gal4Ͼtra2IR females increased their heart rate in response to starvation stress (F79,1 ϭ 15.625, P ϭ 0.000) and displayed a significant two-way interaction compared with Cg-Gal4Ͼw 1118 females (F159,1 ϭ 10.765, P ϭ 0.00) but not compared with Cg-Gal4Ͼw 1118 males (F159,3 ϭ 2.383, P ϭ 0.125).
To assess any potential actions of traF and tra2 outside of the sex determination pathway, Cg-Gal4ϾtraF females and Cg-Gal4Ͼtra2IR males were compared with the Cg-Gal4Ͼ w 1118 females and males, respectively (Table 4) . Expression of traF in females and decreased expression of tra2 in males should not affect sexual differentiation; however, response differences were sometimes observed compared with controls. In the case of the heart rate response to starvation stress, there was no significant difference between Cg-Gal4Ͼw 1118 females and Cg-Gal4ϾtraF females (F159,3 ϭ 0.17, P ϭ 0.681), but there was a significant difference between Cg-Gal4Ͼw 1118 males and Cg-Gal4Ͼtra2IR males (F159,3 ϭ 32.873, P ϭ 0.000). For the males, the significant differences appeared to be due to an increase in heart rate under control for stress conditions in the Cg-Gal4Ͼtra2IR males rather than a difference in heart rate in response to stress. In 40% of the outcomes that displayed significant three-way interactions in Table 1 , we observed that in both sexually immature and mature flies, overexpression of traF in females and reduced expression of tra2 in males resulted in a significant two-way interaction (genotype ϫ stress) in a comparison with sex-matched controls. In these instances, changes in the control response, the stress response, or both, in the traF females or tra2IR males resulted in a significant interaction and were included in the 40%.
A partial reversal of the response was observed in 28% of the analyses and in many instances was observed for either the traF males or the tra2IR females for a given response, but not both. This effect was seen for sexually mature flies assayed for time spent highly mobile during exploratory locomotion in response to starvation stress (Fig. 3) . Cg-Gal4Ͼw 1118 sexually mature females increased their time spent highly mobile in response to this stress (F89,1 ϭ 46,785, P ϭ 0.000), whereas sexually mature males did not display a significant effect (F89,1 ϭ 0.802, P ϭ 0.373). Cg-Gal4ϾtraF males increased males (F179,3 ϭ 0.715, P ϭ 0.399), and there was still a significant two-way interaction compared with Cg-Gal4Ͼ w 1118 females even though they both displayed an increase (F179,1 ϭ 6.891, P ϭ 0.009). Cg-Gal4Ͼtra2IR females displayed a full reversal and did not change their time spent highly mobile (F89,1 ϭ 0.003, P ϭ 0.955), which was significantly different from Cg-Gal4Ͼw 1118 females (F179,1 ϭ 17.677, P ϭ 0Ͻ .000) and comparable to Cg-Gal4Ͼw 1118 males (F179,3 ϭ 0.384, P ϭ 0.536). In the analysis between sex-matched animals, Cg-Gal4Ͼw 1118 females and Cg-Gal4ϾtraF females were significantly different (F179,3 ϭ 10.573, P ϭ 0.001), whereas Cg-Gal4Ͼw 1118 males and Cg-Gal4Ͼtra2IR males were comparable (F179,3 ϭ 0.774, P ϭ 0.38). Whereas the difference between sex-matched flies in Fig. 2 was due to a difference in the control for stress response, the difference between the sex-matched flies in Fig. 3 was attributed to differences in time spent highly mobile in response to starvation for Cg-Gal4ϾtraF females compared with CgGal4Ͼw 1118 females. In 22% of the outcomes, a novel response was observed following manipulation of the fat body. This was seen with sexually immature flies assayed for total distance moved during exploratory locomotion in response to starvation stress (Fig. 4) . Cg-Gal4Ͼw 1118 sexually immature females and males increased their total distance moved in response to starvation stress (F89,1 ϭ 17.038, P ϭ 0.001 and F89,1 ϭ 32.588, P ϭ 0.000, respectively). Cg-Gal4ϾtraF males did not alter their total distance moved (F89,1 ϭ 1.354, P ϭ 0.248) and displayed significant two-way interaction compared with Cg- Exploratory and basal locomotion refer to the first 2 and last 5 min of a 15-min observation period, respectively. Cg-Gal4ϾtraF males were compared with Cg-Gal4Ͼw 1118 males and Cg-Gal4Ͼtra2IR females were compared with Cg-Gal4Ͼw 1118 females to determine the effects of feminization or masculinization, respectively. The results of these two-way ANOVAs (genotype ϫ stress) were classified as either a full reversal if there was no statistically significant difference when compared with controls of the opposite sex, a partial reversal if there was a significant difference when compared with controls of the opposite sex that was smaller than the original sex difference shown in Table 1 Beats/15 s Fig. 2 . Altering the sex of the fat body reversed heart rate to that of the opposite sex after starvation stress. Sexually immature CgGal4Ͼw 1118 , Cg-Gal4ϾtraF, and Cg-Gal4Ͼ tra2IR males and females were collected immediately after eclosion and assayed for heart rate in response to a 24-h exposure to starvation stress. Heart rate was assessed for 5 intervals of 15 s each. Two-way ANOVAs (genotype ϫ stress), n ϭ 40.
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1118 males and females (F179,3 ϭ 20.932, P ϭ 0.000 and F179,3 ϭ 9.142, P ϭ 0.003, respectively). CgGal4Ͼtra2IR females displayed a partial reversal and displayed an increase in their total distance moved in response to starvation (F89,1 ϭ 9.671, P ϭ 0.003), resulting in no significant difference compared with Cg-Gal4Ͼw 1118 females or males (F179,3 ϭ 0.108, P ϭ 0.742 and F179,3 ϭ 3.38, P ϭ 0.068). For this behavior Cg-Gal4ϾtraF females did not display a significant change (F89,1 ϭ 0.045, P ϭ 0.832) and were significantly different from sex-matching controls (F179,3 ϭ 9.512, p 0 0.002). Cg-Gal4Ͼtra2IR males did not display a significant change and were also significantly different from sex-matched controls (F178,3 ϭ 17.226, P ϭ 0.000).
DISCUSSION
Neuronal control of behavioral responses to stress in Drosophila has been well established. Previous data from our lab has shown that tyrosine hydroxylase activity in the brain was altered in a sex-and time-dependent manner following starvation and oxidative stress, consistent with observations that dopamine signaling pathways are altered in response to stress (39) . In addition, heart rate and locomotor parameters are also affected in response to stress in Drosophila (2, 3, 38) and mammalian species (18, 32, 41, 53) . Our current results provide evidence for a role for fat body in the stress response in Drosophila. While most studies have focused on the abdominal fat body and its role as the analog of the mammalian liver, recent studies have suggested the fat body surrounding the brain functions in housing factors that help to establish the sexual identity of the brain (24) . In mammals, it is known that the hypothalamic-pituitary-adrenal axis (HPA), which responds to stress, is influenced by sex hormones such as testosterone and estrogen (55) . In one study, researchers found that feminization of the androgen receptor can cause higher HPA Seconds Spent Highly Mobile Fig. 3 . Altering the sex of the fat body partially reversed time spent highly mobile to that of the opposite sex after starvation stress. Sexually mature Cg-Gal4Ͼw 1118 , Cg-Gal4ϾtraF, and Cg-Gal4Ͼtra2IR males and females were collected immediately after eclosion, aged for 5 days, and assayed for time spent highly mobile during exploratory locomotion in response to starvation stress. Two-way ANOVAs (genotype ϫ stress), n ϭ 39-45. Total Distance Moved (mm) Fig. 4 . Analysis of total distance moved following manipulation of the sex determination pathway showed a novel response, unlike controls of either sex. Sexually immature CgGal4Ͼw 1118 males and females and CgGal4ϾtraF males and Cg-Gal4Ͼtra2IR females were collected immediately after eclosion and assayed for total distance moved during exploratory locomotion in response to starvation. Statistical results are shown in the table. Two-way ANOVAs (genotype ϫ stress), n ϭ 45. activity, which is more similar to what naturally occurs in females (56) . In this case, the stress response to a novel object was not completely feminized, but the results do suggest, similar to what we observed in Drosophila, that the sexual environment surrounding and within the brain modulates behavioral and physiological responses to stress, consistent with a role for fat body in maintaining neuronal homeostasis.
The majority of studies in the literature have dealt either entirely with the larval fat body or with changes in the fat body as metamorphosis occurs; few studies have addressed the function of this tissue in mature adults. Distinguishing between larval and adult fat body is important since the two tissues are of different lineages. During metamorphosis the larval fat body gradually decreases in cell number as energy stores are depleted while the animal is not eating (10) . When a newly eclosed adult emerges from its pupal case, it contains freely floating larval fat cells, which die and are replaced by adult fat cells by 3-4 days posteclosion (1) . By using the Cg-Gal4 line, which expresses in both larval and adult fat body, we ensured that we were able to target the fat body in flies both 1 day and 5 days posteclosion. Studies in adult fat body have focused on the role of the regulation of lifespan by insulin-like peptides expressed in this tissue, on carbohydrate and fat storage, and on improved resistance to oxidative stress (5) . These functions in energy metabolism are largely shared by larval fat body (1) . Additional studies have established roles for the fat body in immunity (20) and sex determination (24) . In adults, there is also a precedent for the importance of this tissue in affecting behavior. Lazareva et al. (31) demonstrated that the fat body surrounding the brain expresses genes involved in courtship that are not expressed within the brain and that feminization of the fat body greatly reduced male courtship. The authors proposed that feminization of the fat body resulted in changes in the synthesis of male-specific secreted circulating proteins that act on the brain. Ellis and Carney (19) analyzed gene expression profiles in 5-day-old mated males and found that several of the changes were localized not to the brain, but rather, to the fat body, further evidence that the fat body can modulate neuronal function and centrally modulated behaviors. These studies focused specifically on the fat body surrounding the head, which has been shown to contain sex-specific genes that are not present in the fat body in the abdomen, suggesting that there could be two distinct types of fat body tissue with specific functions (24) . Our studies investigate the hypothesis that in addition to these roles, the fat body and its secreted factors are critical for the establishment and maintenance of sexually dimorphic neuronal response circuits.
The sex-specific changes in the fat body in response to stress are of particular interest because of demonstrated differences between males and females in susceptibility to stress-related pathologies (15) . We observed that manipulation of tra or tra2 in fat body resulted in a complete switch of the response to stress to that of the opposite sex for the majority of responses that were found to display sex differences. For the remaining responses, there was a partial shift to be more similar to that of the opposite sex, and there was only a small proportion of instances where the response in the manipulated flies did not resemble that of the opposite sex. Interestingly, we observed reversals to that of the opposite sex in both sexually immature individuals that would contain larval fat body as well as sexually mature flies, which would have entirely adult fat body, indicating that both larval and adult fat body share a common function in mediating sex-specific centrally controlled behaviors. Previous work has shown that the larval fat body is not involved in mating, making this the first demonstration for a role of the larval fat body in modulation of sexually dimorphic behavior (31) . This implication that feminization and masculinization of the stress response circuitry may be different from that of reproductive circuitry is an interesting question for future research.
After traF overexpression in males and reduced tra2 expression in females, the flies displayed no outward changes in genetic sex, yet the percentage of occurrences in which there was a complete reversal of the response was highly significant. These results confirm that, for most of the responses we tested, manipulation of the sex determination pathway in the fat body is sufficient to alter the sex-specific stress response. This supports the hypothesis that sexually dimorphic actions of the brain can also arise from effectors from the fat body in addition to the brain transcriptome (24) .
Since tra and tra2 are both involved in mRNA splicing, their target sequences could have diverse actions in addition to that of sex determination. We showed that overexpression of traF in females and reduction of tra2 in males altered a variety of behavioral parameters and heart rate. Interestingly, these changes were not simply in the stress-treated groups, but could occasionally be seen under control for stress conditions and in both sexually immature and mature populations. These results are suggestive of actions for tra and tra2 distinct from their roles in sex determination. In support of this interpretation, studies by others have identified additional targets beyond those involved in sex determination via coimmunoprecipitation experiments (25) ; in many cases the functions of these targets are still unknown, and the list of interactions may not be comprehensive. One downstream target of tra2 of particular interest is CG6937, which was also identified in a screen for factors involved in neurogenesis (40) , providing a potential mechanism for tra2 in the modulation of centrally controlled behaviors, as well as in the response to stress.
The expression data for tra and tra2 are also suggestive of pleiotropic actions. tra is moderately expressed in 20-day-old females and is higher in 20-day-old males (11); although it has not been determined whether a functional protein is made, the possibility is suggestive of actions that extend beyond sex determination, which occurs early in adult development. Both tra and tra2 are expressed in the larval central nervous system, larval and adult digestive tracts, and larval and adult dorsal vessels (11, 12) , as well as in the ovaries and testis; however, tra expression is higher in the ovaries compared with tra2, and the opposite is true for the testis (11) . While expression within the gonads is likely important for sex determination, there is evidence to suggest that gonadal sex determination is effected by the fat body in the abdomen, analogous to the role the fat body in head plays in determining the sexual identity of the brain (24) . It should, be noted, however, that Cg-Gal4 does target expression to the thoracic and abdominal fat body as well as that in head, so we cannot entirely rule out a potential role for the abdominal fat body in stress behavior. The only other cells or tissues targeted by Cg-Gal4 are hemocytes and lympth gland, neither of which have been shown to express tra or tra2 (11) . Interestingly, other factors from the sex determi-nation pathway [i.e., sex lethal (sxl), dsx, and female-specific independent of transformer (fit)] are also expressed in older animals and other tissues, such as the dorsal vessel, that are not thought of as important for sex determination (11, 12) , suggesting that many of the factors involved in sex determination have pleitropic actions. Furthermore, expression data for tra identified changes between virgin and mated females (11) , populations that have also been noted as having a different survival rate in response to stress (39) .
It is possible that some of the effects of overexpression of tra2 in males could be due to off-target effects. There are two off-target genes predicted for tra2 RNAi, tay bridge (tay) and Paramyosin (Prm) (22) . Analysis of tay mutants has revealed a role for this gene in locomotor behavior, making it a potential candidate for some of the effects we observed (43) . Analysis of Prm reveals a role in muscle development, specifically of the flight muscles, which are not necessary for any of the behavioral parameters we assayed, with the exception of high mobility (33) . Although these off-target predictions could be involved in some of our observations, they cannot account for any of the effects observed with overexpression of traF. However, since the precise mechanism of action for tra and tra2 within the sex-specific stress response is not yet understood, it is impossible to definitively state whether the effects observed are conclusive evidence of roles outside of the sex determination pathway.
Perspectives and Significance
Analyses of flies with feminized or masculinized fat body in an otherwise unaltered individual provides support for sexual dimorphism of the brain via sex determination factors localized in the fat body. Using the genetic tractability of Drosophila, we have also been able to uncover a role for the fat body in the sex-and time-dependent responses to stress. These data suggest that the fat body in head tissue may serve as the functional analogue of the pituitary gland. Additionally, data showing that overexpression of traF in females and reduced expression of tra2 in males can alter not only the stress response, but also modulate other behaviors, demonstrated potential roles for tra and tra2 that are distinct from actions in sex determination. Further analysis of these factors will be useful for the elucidation of mechanisms for sexual dimorphism of the brain and for identification of factors important for the modulation of sexspecific, centrally controlled behaviors.
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